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Edited by Vladimir SkulachevAbstract The established paradigm in understanding and
describing enzyme activity uses formalisms based on steady-state
assumptions, including Michaelis–Menten and King–Altman ap-
proaches. These are appropriate for enzymes operating under
steady-state conditions. Signal generating enzymes transfer
information, rather than material. Because the information
capacity of a signal channel depends on frequency, steady-state
descriptions may not be appropriate. Recently, Stuehr and
coworkers described a novel product inhibition mechanism for
NO synthases. Simulations presented here suggest that at phys-
iological temperatures neuronal nitric oxide synthase produces
sharp pulses of NO, consistent with its signaling function. These
temporal pulses greatly restrict the eﬀective spatial range of NO
signaling.
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Kinetics1. Introduction
Enzymology is a mature ﬁeld in molecular bioscience. Clas-
sic characterizations such as Michaelis–Menten, Cleland, and
King–Altman descriptions of enzyme activity rely on formal-
isms that explicitly depend on steady-state assumptions [1–3].
The incremental development of powerful analytical ap-
proaches has been of great value in understanding the function
of enzymes in the steady state. These approaches provide
excellent descriptions of enzymes of mass conversion, which
function in the interconversion of metabolites in biochemical
pathways.
Signal generating enzymes are well known and intensively
studied (e.g. [4,5]). The biochemistry of catalysis in these en-
zymes is fundamentally similar to metabolic enzymes, but sig-
nal generators diﬀer in that they transfer information rather
than transform one molecular species to another. Activity in
terms of mass conversion during steady state is given by the
product of time and the steady-state rate. In contrast, theAbbreviations: 1NADPH, nicotinamide adenine dinucleotide phos-
phate; 2iNOS, inducible nitric oxide synthase; 3eNOS, endothelial
nitric oxide synthase; 4NOS, nitric oxide synthase; 5nNOS, neuronal
nitric oxide synthase; 6CaM, calmodulin; 7CNS, central nervous
system
E-mail address: jsalern3@kennesaw.edu (J.C. Salerno).
0014-5793/$34.00  2008 Published by Elsevier B.V. on behalf of the Feder
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zero, because information transfer depends on frequency,
which places an upper limit on bandwidth [6]. Signal generated
in steady state generally produces biochemical eﬀects, but
additional information transfer beyond the single initiation
bit depends on modulation. Clearly, steady-state activity alone
does not adequately describe signal generators.
Nitric Oxide plays an important role as a molecular signal in
many biological systems [7,8]. In mammals, three isoforms
generate NO from L-arginine and oxygen, consuming nicotin-
amide adenine dinucleotide phosphate (NADPH1) in the pro-
cess [9,10]. The canonical stoichiometry is
larginineþ2O2 þ 3=2NADPH ! citrulline þ NO
þ 3=2NADPþ þ 2H2O
One of the three mammalian isoforms, iNOS2 (inducible ni-
tric oxide synthase), is primarily controlled at the transcription
level [11]. It is not primarily a signal transduction enzyme, pro-
ducing cytotoxic levels of NO after induction (e.g., by cytokine)
during immune response. Steady-state formalisms probably
accurately describe the biologically relevant function of iNOS.
The other isoforms, eNOS3 (endothelial NOS4) and nNOS5
(neuronal NOS), are signal generating enzymes modulated by
several factors with primary control exerted by calcium/cal-
modulin (Ca+2/CaM6) [12]. NO produced by eNOS partici-
pates in homeostatic negative feedback processes; it exerts
primary control on vascular tone and insulin secretion [7,8].
It is also a primary signal in angiogenesis. NO produced by
alternatively spliced variants of nNOS functions [13] as a
CNS7 diﬀusible neurotransmitter, the primary controller of
peristalsis, and a reporter of contraction in skeletal muscle.
Of the mammalian isoforms nNOS is of particular interest
here. Santolini et al. [14] showed that nNOS is about 80% inhib-
ited during steady-state turnover at 10 C. They simulated stea-
dy state and presteady state kinetics at 10 C, and present
compelling evidence of inhibition by binding of geminate NO
to the catalytic heme site, blocking oxygen binding until the
NO is removed. Their proposed relief mechanism requires oxy-
gen and produces nitrite or an alternative NOx species.
Recent ﬂash kinetics studies at 25 C [15] demonstrate rapid
heme reduction compared to the rates used in the 10 C simu-
lations (13 s1 vs. 2.6 s1 for nNOS). A reasonable estimate of
the electron transfer rate at 37 C can be made by assuming a
temperature independent activation energy, which yields a rate
at 37 C 3–4 times greater than the 25 C rate. Simulation
using measured and projected kinetics parameters suggests
that the steady-state description of nNOS may completely mis-
represent its physiological activity.ation of European Biochemical Societies.
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The global model proposed by Santolini et al. [14] describes
the function of nNOS (and with some modiﬁcation other NOS
isoforms) as a branched pathway with 10 rate constants, as
shown in Fig. 1. Reductase function and control are bundled
into reduction rates for heme at three points in the productive
cycle. The model includes 8 rapid equilibrium segments. Seg-
ments A–C are dominated by states with bound substrate argi-
nine, and starred segments (D–E) are dominated by states with
bound intermediate N–OH arginine. Back reactions are as-
sumed to be negligible under these conditions; k1 and k4 spec-
ify rates for heme reduction as part of the productive cycle,
and k2 and k5 specify O2 binding rates for the ﬁrst and second
oxygenations. The catalytic rate constants are k3 and k6; k6 in-
cludes a reductive step. Many of these rate constants have been
estimated from work in Stuehrs laboratory and by other
groups as described in the Santolini papers [14,16].
The diﬀerential equations used for simulation are
oA=ot ¼ k1½A þ k7½G þ k10½H 
oB=ot ¼ k2½B þ k1½A þ k9½H 
oC=ot ¼ k3½C þ k2½B
oD=ot ¼ k4½D þ k3½C
oE=ot ¼ k5½E þ k4½D
oF =ot ¼ k6½F  þ k5½E
oG=ot ¼ k7½G  k8½G þ k6½F 
oH=ot ¼ k9½H   k10½H  þ k8½G
The ratio of k8 to k10 controls the steady-state ratio of [H] to
[G] (essentially the ratio of the ferrous NO complex to the fer-
ric NO complex) because k9 is small. The fraction of the en-
zyme in segment G depends strongly on k7, and also on the
electron transfer rates, which apart from steady-state activity
are the best deﬁned parameters in the system.
In the work presented here, a simulation program based on
the Santolini model was written in Fortran using a fourth-or-
der Runga–Kutta numerical method and the g77 Portland
Group compiler. The program was checked against exponen-
tial functions by setting all but one rate constant cyclically to
zero. A second check used a simple independently written Eu-
lers method solution, which was less robust but in excellentFig. 1. Simpliﬁed kinetics scheme for nitric oxide synthase function as
proposed by Santolini et al. [14]. Rapid equilibrium segments A, B and
C are assumed to be saturated with substrate arginine, while D, E and
F have intermediates (e.g., N–OH–arginine) bound. G is dominated by
the ferric NO complex and H (in box) represents the stable inhibitory
ferrous NO complex. Rate constants k1, k4, and k8 represent heme
reduction, k2 and k5, oxygen binding, and k7 and k9 NO release. K10
represents decay of the ferrous NO complex (e.g., by reaction with
oxygen), and k3 and k6 are complex catalytic constants.agreement under favorable conditions (not shown). Following
Santolini et al. [14], the parameters used were k1 = 2.6 s
1,
k2 = 135 s
1, k3 = 7 s
1, k4 = 2.6 s
1, k5 = 135 s
1, k6 = 26
s1, k7 = 5 s
1, k8 = 1.4 s
1, k9 = 0.0001 s
1, and k10 = 0.2 s
1.
As shown in Fig. 2a (lower trace), simulation at 10 C pro-
duced a steady-state rate of NO synthesis lower than the upper
limit imposed by electron transfer from NADPH, in agreement
with previous work [14]. The decline in NO synthesis after one
sec is obvious and continues until the steady-state value given
in Table 1 is approached after about 10 s (extended times not
shown). The initial state decayed rapidly, and transient inter-
mediates increased and then fell as the inhibitory ferrous NO
complex monotonically increased to a steady-state value (see
[14]). This varied from 60% to 95%, depending on modest
changes in the rate constants. A signiﬁcant lag in NO forma-Fig. 2. (a) Simulation of NO synthesis by nNOS as a function of time
at 10 C, 25 C (squares), and 37 C (circles). The most noticeable
feature of the 10 C trace is the lag period before NO synthesis begins,
but after the broad peak at around 1 s activity declines slowly to a
steady-state value. As the temperature is increased, the lag become less
noticeable on this time scale and the pulsed nature of NO production is
emphasized. Details are given in text and in Table 1. (b) Eﬀect of
parameter variation on pulse simulation at 37 C. All parameters as
given in the text for 37 C except where speciﬁed.
Table 1








10 C .45 0.8 2.6 [14]
25 C .96 1.8 13 [15]
37 C 1.6 2.9 (40–55)a
NO synthesis and NADPH oxidation were measured in triplicate with
fresh preparations. Variations in same day/same preparation experi-
ments were very small; typically NO synthesis varied by a few percent
and NADPH oxidation traces could often be superimposed. More
realistically, variations between preparations were about 10% for NO
synthesis and 15% for NADPH consumption. These parameters are
consistent with values given in the text obtained in other laboratories.
aEstimated range of 37C rates using available data from 10 C and
25 C.
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on the time scale of seconds.
Increases in the rate constants between 10 C and 25 C lead
to increased rates of NO synthesis. Iwanaga et al. [17] reported
turnover numbers (in s1) of nNOS of 0.22 at 5 C, 0.45 at
10 C, and 2.3 at 25 C, measuring citrulline formation. Be-
cause of uncoupling the rate of NO synthesis is likely to be
somewhat lower. Reported turnover numbers for NO produc-
tion elsewhere at 37 C are 1.6–2.0 s1. These values are consis-
tent with our measurements as shown in Table 1 using NO
synthesis and NADPH oxidation as previously described
[18]. Adak et al. [19] reported a turnover number of 0.9 s1
at 25 C based on NO production. These results and others
are consistent with our average values of 0.9–1 s1. Maximal
activity is preparation dependent, but steady-state turnover in-
creases two to ﬁve fold between 10 C and 25 C, and 1.5 to
threefold between 25 C and 37 C. As shown in Table 1, we
take the best values as 0.4–0.5 s1 at 10 C, 0.9–1 s1 at
25 C, and 1.6–2 s1 at 37 C.
A second simulation was conducted at 25 C. The critical
rate constant for heme reduction was measured recently [15],
and is about ﬁve times faster than the 10 C rate. The oxygen
binding rate is very rapid even at 30 C [20], and does not
appreciably aﬀect the simulation. The catalytic rate constants
for N–OH arginine and citrulline formation are about 10 times
faster than the heme reduction rate, and their temperature
dependence has only second-order eﬀects.
The most signiﬁcant rate constants other than the heme
reduction rates are the rate of NO release from ferric heme
and the total rate of decay of the inhibitory ferrous NO com-
plex. Both processes are faster at higher temperature, but
insuﬃcient data are available to accurately project them inde-
pendently to 25 C and 37 C. However, reasonable assump-
tions suggest that increases in these rates between 10 C and
37 C are about an order of magnitude. Heme reduction in
NOS requires large scale domain realignments, resulting in a
substantial Arrhenius energy of 75 kJ/mol using the mea-
sured 10 C and 25 C rates. In a large number of other heme
systems (e.g. [21]) the activation energy for bimolecular ligand
dissociation is much lower (20–40 kJ/mol), and this is a reason-
able ﬁrst approximation for the temperature dependence in
NOS. The rate of decay of the ferrous NO complex is likely
to be dominated by more complex processes such as the reac-
tion with molecular oxygen proposed by Santolini et al. [14].
The temperature dependence may be more complex, but the re-sults in other heme containing proteins suggest about an order
of magnitude change in rate between 10 C and 37 C [22].
Comparisons of ligand binding and dissociation rates in nNOS
and iNOS measured at 10 C and 23 C do not provide enough
information to accurately estimate activation energy, but sup-
port the 25 C values used in the simulations and suggest that
the temperature dependence of the rate constants is reasonable
[23,24]. Because the turnover number is known at 25 C and
37 C, the estimated rate constants can be checked by simula-
tions, which must produce the observed steady-state rates.
The time dependence of NO synthesis at 25 C, simulated
according to the considerations discussed above, is shown in
Fig. 2a, middle trace. The rate constants used in the simulation
shown were k1 = 13 s
1, k2 = 675 s
1, k3 = 130 s
1, k4 = 13 s
1,
k5 = 675 s
1, k6 = 130 s
1, k7 = 20 s
1, k8 = 7 s
1,
k9 = 0.0005 s
1, and k10 = 0.4 s
1. K1 was directly measured,
and moderate changes in the rates of NO release from ferri-
heme (k7), reduction of the ferric NO complex (k8), and reac-
tion of oxygen with the ferrous NO complex (k10) were made
to produce parameter sets that produced the correct steady-
state rate of NO synthesis. Pulsatile formation of NO is much
more obvious than at 10 C. NO production peaks at about
175 ms, declining more gradually and reaching half its maxi-
mum rate at about 0.85 s.
Projection of the rate constants to 37 C produced very
sharp spikes of NO production as shown in Fig. 2a, upper
trace. The 37 C rate constants were taken as k1 = 52 s1,
k2 = 2000 s
1, k3 = 520 s
1, k4 = 52 s
1, k5 = 2000 s
1,
k6 = 520 s
1, k7 = 50 s
1, k8 = 28 s
1, k9 = 0.002 s
1, and
k10 = 1.0 s
1. Peak production of NO occurs at about 47 ms,
declining rapidly, reaching half maximal rate at around
150 ms, and approaching the steady-state rate around 0.6 s.
The half width of the peak is about 100 ms. Modest adjust-
ments in the values of k7, k8, and k10 have again been made
to reproduce the experimental rates of NO synthesis using
appropriate rates of heme reduction.
The measured steady-state rate of NO synthesis at 37 C is
only 1.5–2 times the 25 C rate. Since the rate of heme reduc-
tion is somewhat more strongly temperature dependent than
the steady-state NO synthesis rate, it is probable that nNOS
is slightly more product inhibited at 37 C than at 25 C or
10 C. This is consistent with k7 and k8 and being more depen-
dent on temperature than k10.
Fig. 2b shows the eﬀect of adjustments in the rate constants
for heme reduction (k1 and k4), reduction of the ferric NO
complex (k8), and k10 (decay of the ferrous NO complex,
e.g., by reaction with molecular oxygen [14]). Doubling k7
(not shown) nearly doubles steady-state NO synthesis while
increasing the peak rate by 35% and broadening the peak to
200 ms. Halving k7 decreases the peak by 35% and halves
the steady-state rate. These simulations show that moderate er-
rors in rate constants do not aﬀect the important conclusions
of this paper, because NO production is pulsatile for all realis-
tic combinations generating correct steady-state rates. Pulse
shapes vary with the parameter set, and this variability may
be exploited physiologically to control the range of signaling.
The NO formation contributed by these pulse is typically 2–
3 mol of product per mol of enzyme. This contributes little
to NO production measured on the time scale of minutes.
Very accurate simulations of NO synthesis by nNOS under
physiological conditions will require additional kinetics data;
even measurement of steady-state spectra of nNOS at 37 C re-
Fig. 3. Comparison of distance dependence of NO concentration from
the surface of a 50 lm generating sphere using 1/R steady-state (circles)
and 1/R3 pulsed upper limit (crosses) models.
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existing data strongly suggest that nNOS produces sharp
(150 ms) intense pulses of NO at 37 C. The key feature
which produces pulsed behavior is the presence of an internal
negative feedback loop that progressively inactivates the en-
zyme.3. Pulse diﬀusion and signaling
The use of rapid pulses in signaling aﬀords many advanta-
ges, including the ability to carry information at a more rapid
rate. Limitations on gain and frequency of signal generators
arise from several sources, including the stability of homeo-
static feedback systems. A critical aspect of pulse generation
is the eﬀect of the time course of signal production on the eﬀec-
tive range of signaling. For signal molecules that diﬀuse rap-
idly compared to their decay rate, steady-state production of
signal within a spherical volume V can be represented by diﬀu-
sion equations in three dimensions with an exact solution; the
concentration of signal falls oﬀ as 1/R outside the generating
volume1 [25]. If signal generation is carried out in an array
of cells, the superposition of solutions to the linear diﬀerential
equations describing diﬀusion will produce long ranged diﬀu-
sion suitable for paracrine signaling across many cell layers
(e.g. [26]).
The eﬀect of short pulses on the range of signaling is pro-
found. A short (100 ms) pulse which establishes an initial
high level of signal in a restricted volume produces high tran-
sient levels of signal in nearby volume elements via diﬀusion.
Because the total amount of signal is ﬁxed, however, a depen-
dence of 1/R3 is immediately introduced into the maximum le-
vel attained at distance R from the center of the generating1The surface area of successive shells is 4pr2, so the steady-state
equation is of the form 4Dpr2dC(r)/dr = K, where K is the steady-state
ﬂux through the shells. Rearrangement of terms yields dC(r) = Kdr/
4Dpr2, which integrates to give the 1/r dependence.system. Because the distribution loses deﬁnition as it broadens,
with the maximum concentration of signal always in the gen-
erating region, signal falls oﬀ more sharply than 1/R3. Fig. 3
compares falloﬀ for steady-state production of NO by a
50 lm sphere maintaining 1 U of constant NO concentration
at the surface with the upper limit from a sharp pulse.
This distinction is of great potential signiﬁcance. A paradox
in nitric oxide signaling has arisen from evidence that eNOS
and nNOS produce NO that has diﬀerent targets and apparent
eﬀects [27]. Because NO diﬀuses rapidly, penetrates membrane,
and is reasonably stable, the ability of eNOS to mediate para-
crine signaling, while nNOS participates in local signaling, was
counter intuitive. The properties of eNOS suggest a low inten-
sity, steady-state source (on the time scale of seconds or min-
utes) in comparison to the high intensity pulsatile nature of
nNOS; although external negative feedback processes (e.g.,
phosphorylation) might in some cases allow eNOS to function
as a pulse generator, it is by default a quasi steady-state signal
generator. (Conversely, covalent modiﬁcation or alternative
splicing might convert nNOS to a paracrine signal generator.)
The pronounced default pulsatile nature of nNOS is likely to
be a key diﬀerence between the isoforms, allowing them to tar-
get diﬀerent receptors and to function in diﬀerent distance re-
gimes. The eﬀects of pulse signaling are not limited to NO
signaling, and might be important in systems with much larger
time and distance domains.References
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